Background: The germline genome of ciliates is extensively rearranged during development of a new somatic macronucleus from the germline micronucleus, a process that follows sexual events. In Paramecium tetraurelia, single-copy internal eliminated sequences (IESs) and multicopy transposons are eliminated, whereas cellular genes are amplified to w800 n. 
Introduction
The discovery of RNA interference has provided a new paradigm for gene-specific regulation in eukaryotes, whereby short RNAs are used as specificity modules to target protein complexes to homologous transcripts. It was then realized that such homology-dependent pro-*Correspondence: emeyer@biologie.ens.fr cesses are not limited to mRNA degradation or translation, but can also regulate chromatin structure through the targeting of epigenetic modifications to specific regions of the genome [1] . Some of the recent evidence has come from the study of ciliates: There is increasing evidence that maternal RNAs are involved in specifying the conspicuous genome rearrangements that occur during development in these organisms, a process that probably underlies long-known cases of non-Mendelian inheritance [2] . These unicellular eukaryotes harbor two different kinds of nuclei, germline micronuclei and somatic macronuclei. The diploid micronuclei are transcriptionally silent during vegetative growth but undergo meiosis during sexual events to transmit the germline genome to the next generation. The highly polyploid macronuclei (w800 n in P. tetraurelia) have somatic functions: They are responsible for gene expression throughout the life cycle but are lost or degraded after fertilization, as new micro-and macronuclei develop from mitotic copies of the zygotic nucleus. During the development of a new macronucleus, the diploid zygotic genome is amplified and extensively rearranged: Chromosomes are fragmented into shorter molecules capped by de novo telomere addition, and numerous IESs are excised from these acentric macronuclear "chromosomes" [3] [4] [5] . P. tetraurelia IESs are short (26-882 bp), single-copy, noncoding elements that are precisely excised from coding and noncoding sequences. They are invariably flanked by two 5#-TA-3# dinucleotides, one of which is left in the macronuclear sequence after excision. IESs contain no other strictly conserved motif, although their ends often resemble the consensus TAYAGYNR [6, 7] . The local sequence context appears to be important for the staggered double-strand cuts that initiate excision [8] , but the degenerate consensus does not contain sufficient information to direct the reproducible excision of the >50,000 different IESs in the haploid genome, suggesting that epigenetic mechanisms are involved [9] . Some IESs are indeed sensitive to homology-dependent maternal effects: Introduction of an IES sequence into the vegetative macronucleus, prior to meiosis, can inhibit excision of the homologous IES very specifically in the sexual progeny of transformed clones when a new macronucleus develops from the wild-type micronucleus [10] . The effect was observed for one-third of tested IESs, hereafter called maternally controlled IESs (mcIESs), and it varies quantitatively among these [11] . In the most efficient cases, a moderate IES copy number in the maternal macronucleus will inhibit excision in a greater number of chromosome copies in the new macronucleus. This quickly results in retention of the IES in 100% of macronuclear copies, a stable epigenetic state that is maternally (cytoplasmically) inherited in the following sexual generations.
The fragmentation of chromosomes during macronuclear development appears to be the consequence of a second, imprecise mode of DNA elimination that removes larger regions of the Paramecium germline ge-nome, including repeated sequences such as transposons and minisatellites [12] . These deletions are often healed by the addition of telomeric repeats at the heterogeneous ends of flanking sequences, although at some sites, the same imprecise events can alternatively lead to the rejoining of flanking sequences. Such internal deletions occur by recombination between two short direct repeats that vary in position but always contain at least one TA dinucleotide. Imprecise deletions may also be determined by epigenetic mechanisms because they can be induced experimentally in most, if not all, regions of the genome by a process involving RNA interference [2] . Homology-dependent silencing of any endogenous gene can be achieved during vegetative growth either by high-copy-number, untranslatable transgenes [13] or by feeding cells with bacteria producing homologous double-stranded RNA (dsRNA) [14] . In both cases, vegetative silencing correlates with the accumulation of short interfering RNAs (siRNAs) w23 nt in length [15] . These siRNAs persist during sexual events and quantitatively correlate with imprecise deletions of the homologous zygotic gene in the developing new macronucleus, suggesting that they can target these deletions in a homologydependent manner.
Once induced by siRNAs, the deletion of a given gene in all macronuclear copies can be reproduced in subsequent sexual generations without the need for silencing transgenes or new dsRNA, providing further evidence for homology-dependent regulation of imprecise deletions [2] . The targeted gene becomes part of an alternative DNA-elimination program that is maternally inherited during sexual reproduction. The spontaneous deletion of the gene in the developing macronucleus is determined by its absence in the maternal macronucleus because transformation of the latter with a homologous transgene will rescue normal amplification in sexual progeny [16, 17] , provided the transgene does not produce siRNAs [15] . This rescue effect is analogous to the maternal inhibition of mcIES excision. Taken together, these observations suggest that epigenetic programming of DNA elimination involves a transnuclear, RNA-mediated comparison of the zygotic genome to be rearranged with the previously rearranged version contained in the maternal macronucleus, which is still present in the cytoplasm at that stage.
Very similar homology-dependent effects were shown to control DNA elimination in the related ciliate Tetrahymena thermophila [18] [19] [20] , and recent results have indicated that the comparison of germline and somatic genomes may also involve the RNA-interference pathway. Developmental rearrangements were shown to depend on a Dicer-like protein that produces endogenous short RNAs from the meiotic micronucleus and on a Piwi-like protein that was found to associate with these short RNAs in parental as well as in zygotic macronuclei [21] [22] [23] . Much remains to be learned in both ciliates about the RNA and protein partners involved in this fascinating process. Here, we report the identification in Paramecium of novel RNA binding proteins that accumulate in the maternal macronucleus before meiosis and are later transferred to developing macronuclei. The proteins are required for elimination of transposons and mcIESs but apparently not for that of other IESs, and their properties suggest that they play an essential role in the mechanism of trans-nuclear genome comparison.
Results

NOWA1 and NOWA2 Are Expressed during Early Stages of Sexual Events
The NOWA1 gene (accession number AJ876761) was cloned by serendipity during a search for P. tetraurelia proteins with short repeats similar to those of the PrP27 prion. Translation of the intronless coding sequence yields a 1024 amino acid (aa) protein containing two distinct domains separated by a stretch of asparagine residues ( Figure 1A and Figure S1 in the Supplemental Data available with this article online). The large N-terminal domain (NTD), predicted to be disordered, contains alternating blocks of two types of short repeats. In the PrP27-like "GGWG" repeats, regularly spaced tryptophan residues are surrounded by small and/or polar amino acids. The glycine-and arginine-rich "FRG" repeats also contain an aromatic residue (phenylalanine); these repeats are reminiscent of the RGG boxes present in many RNA binding proteins. The smaller C-terminal domain (CTD) is separated from the NTD by a stretch of asparagine residues; it is predicted to be globular and does not show significant similarity to any protein in the databases. A highly similar paralogous gene, NOWA2 (accession number CR933367), was identified by Southern blotting ( Figure 1A and Figure S1 ).
The patterns of expression of these genes during the life cycle were examined by northern-blot analysis of total-RNA samples. NOWA1 and NOWA2 mRNAs cannot be detected in vegetatively growing cells but are strongly expressed at an early stage of autogamy (a self-fertilization sexual process). Figure 1B shows that mRNA levels peak well before meiosis of the micronuclei and fragmentation of the old macronucleus and decrease steadily thereafter. Expression was also examined during conjugation, the reciprocal fertilization of complementary mating types ( Figure 1C ). NOWA1/2 mRNA cannot be detected in starved, sexually reactive cells of either mating type but are already very abundant 2 hr after the mixing of mating types, as meiosis begins. The more rapid decline of mRNA levels, which are reduced 5-fold by 4.5 hr postmixing, can be attributed to the fact that conjugation is much more synchronous than autogamy in mass cultures.
Dynamic Nuclear-Localization Pattern Driven by the C-Terminal Domain
To study the subcellular localization of Nowa1p, different GFP-fusion constructs were microinjected into the macronucleus of vegetative cells (Figure 2 ). All constructs contained the natural NOWA1 regulatory sequences (163 bp upstream of the initiator ATG and 50 bp downstream of the stop codon). P. tetraurelia intergenic sequences are extremely short [24] , and these segments were found to be sufficient for proper regulation of the constructs. Figures 2A-2H show the results obtained with pMN53GFP, in which the GFP is fused at the N terminus of Nowa1p. GFP fluorescence could not be detected during vegetative growth of the trans- formed clones, but it specifically appeared in the macronucleus when autogamy was induced by starvation, before meiosis of the micronuclei. Consistent with the fact that commitment to autogamy occurs before the last vegetative division [25] , some dividing cells with GFP-labeled macronuclei were observed upon starvation. When such cells were isolated into rich medium, meiosis always followed completion of the ongoing division (not shown), confirming that the fusion construct is expressed only when cells are committed to meiosis. The GFP signal remained stable during macronucleus fragmentation, which follows meiosis ( Figure 2C-2E) .
GFP was never detected in germline micronuclei during vegetative growth (Figure 2A ) or meiosis ( Figures  2B and 2C ) and up to the first division of the zygotic nucleus ( Figure 2D ). Soon after the second division, it rapidly accumulated in two of the four products, as these began to enlarge and develop into macronuclear anlagen ( Figure 2E ). GFP fluorescence then progressively increased in the developing anlagen and simultaneously decreased in the fragments of the maternal macronucleus, where it became more punctate and finally disappeared ( Figures 2F-2H ). Note that in rare cases where cells developed three anlagen and three micronuclei (which may be an effect of the pMN53GFP fusion; see Expression of pMN53GFP Affects Macronuclear Development), the three anlagen were labeled ( Figure 2F ). The same dynamic localization pattern was observed when the GFP sequence was inserted within the asparagine stretch separating the two domains (pMN53NGFP) or when the NTD was removed from the latter construct (pMN3GFP), indicating that the CTD is sufficient to drive GFP localization (data not shown).
Removal of the CTD from the pMN53NGFP construct resulted in a different localization pattern (pMN5GFP, Figure 2 ). GFP first appeared in the cytoplasm as well as in the macronucleus but not visibly in the micronuclei ( Figure 2I) ; during meiosis, it concentrated slowly in the macronucleus ( Figure 2J) ; remained confined there throughout the process of fragmentation, never entering the new macronuclei ( Figures 2K-2N) ; and finally disappeared from the fragments of the maternal macronucleus, albeit more slowly than the previous GFP fusions ( Figure 2O ). Finally, a construct containing only the GFP coding sequence under the control of the same NOWA1 regulatory sequences was expressed only during autogamy and produced a GFP signal that remained cytoplasmic throughout the process, indicating that the specific expression of NOWA1 at the onset of sexual processes is entirely determined by very short promoter and/or terminator sequences.
A Photoactivatable Nowa1p-GFP Fusion Is Transported between Nuclei
Because the bulk of NOWA1 expression occurs before meiosis, it is unlikely that the relocalization of CTD-containing GFP fusions during development could be due to degradation of the protein accumulated in the maternal macronucleus and direct targeting of newly synthesized protein to the developing macronuclei. To test directly whether the protein can be transported between these nuclei, we used a photoactivatable GFP variant consistently observed in early-autogamy samples, even at high concentrations of protease inhibitors.
The same membrane or a duplicate was then incubated with various 32 P-labeled oligonucleotide probes in the presence of excess duplex DNA (see Experimental Procedures). In the early-autogamy samples, the two larger forms of the N-terminal domain fusion, but not the w90 kDa form or the C-terminal domain fusion, were able to bind single-stranded (ss) RNA, doublestranded (ds) RNA, and ssDNA, as well as an RNA/DNA duplex. It is not possible to quantitate relative affinities because the half-lives of these different probes during incubation were different. However, when compared to the background of endogenous proteins, the two large forms appeared to be more strongly labeled by the RNA/DNA duplex ( Figure 4B ) than by other probes.
Although the pattern was not changed after reduction of disulfide bridges, the apparent size of the top band (w210 kDa) suggests that it could be a covalent dimer of the NTD fusion. The smaller of the large forms, which binds three of the probes equally well but gives a weaker GFP signal, might then represent a dimer of the NTD fusion with a free NTD produced by proteolysis of the NTD fusion and/or endogenous Nowa1p/2p. At a later stage of autogamy, the two large forms appeared to have lost much of their nucleic acid binding capacity (Figure 4) . However, the significance of this is unclear because the NTD-only fusion remained confined to the fragments of the old macronucleus, whereas at that stage the protein should have been transferred to developing macronuclei.
Expression of pMN53GFP Affects Macronuclear Development
Clones expressing large amounts of the pMN53GFP fusion during autogamy (as judged from the intensity of GFP fluorescence, see Figure 2 ) yielded progeny with severe developmental defects that often led to death. Surviving postautogamous clones showed reduced growth rate, altered cell morphology, and O-to-E mating-type change (data not shown). Death and developmental defects were specific effects of the fusion protein; postautogamous progeny of cells transformed with high copy numbers of the untagged NOWA1 gene were perfectly healthy and only occasionally showed mating-type change. Interestingly, mating-type determination in the developing macronucleus is known to be epigenetically controlled by the maternal macronucleus [2] , suggesting that Nowa1p is involved in this maternal effect. The other GFP-fusion constructs rarely caused any developmental defect in postautogamous progeny, even at high copy numbers, suggesting that only pMN53GFP had dominant-negative effects (see Silencing of NOWA1/2 Results in Postautogamous Lethality).
Autogamy of pMN53GFP-transformed cells also occasionally resulted in macronuclear regeneration. This process occurs at a low frequency when development of new macronuclei aborts, allowing some cells to regenerate a fully functional macronucleus from a fragment of the old macronucleus. Vegetative clones produced by macronuclear regeneration had wild-type growth rates and morphology and did not change mating type, indicating that Nowa1p is required only for macronuclear development (see Discussion).
Silencing of NOWA1/2 Results in Postautogamous Lethality
To study the effects of Nowa1p depletion, we used the feeding technique to induce RNA interference [14] . Cells were fed an E. coli strain producing dsRNA homologous to an 846 bp NOWA1-gene sequence encoding the C-terminal domain. This dsRNA can also be expected to silence NOWA2 because the two genes are 87% identical in that region, with a total of 237 bp of perfect identity in segments R 23 bp [15] . A control culture was fed an E. coli strain producing dsRNA homologous to ND7, a gene required for trichocyst discharge [27] . Consistent with the known expression patterns, NOWA1 dsRNA feeding did not have any visible effect during vegetative growth, whereas ND7 dsRNA feeding resulted in a completely mutant phenotype (nondischarge) in less than three to four divisions.
We then induced autogamy in both cultures by letting the cells starve after 3-4 vegetative divisions in the feeding media, and total-RNA and -DNA samples were extracted at different times. The first samples (early au- Figure S2 ). Commitment to autogamy occurs at a fixed point of the w6 hr cell cycle [25] , putting a severe limit on synchrony in mass cultures. Furthermore, the speed with which the food supply becomes exhausted is quite variable in such experiments. Thus, although a larger fraction of cells showed complete macronuclear fragmentation between 2.5 and 7.5 hr in the ND7 culture, the difference is not significant. The development of new macronuclei followed a similar time course between 20 and 45 hr in both cultures (Figure S2) .
To check the efficiency of silencing, we analyzed RNA samples on northern blots (Figure 5 ). In the control silencing of ND7, NOWA1 and NOWA2 mRNAs were very abundant in the early-autogamy time point and gradually declined afterward, whereas ND7 mRNA levels were strongly reduced throughout autogamy. In contrast, NOWA1 and NOWA2 mRNAs could not be detected during early autogamy after NOWA1 dsRNA feeding. NOWA1 silencing remained quite efficient throughout autogamy, whereas NOWA2 silencing was almost completely relieved about 30 hr after the earlyautogamy time point (t = 5 hr, see Figure 5B ): This may be due to the limited homology between the NOWA1 dsRNA inducer and NOWA2 mRNA.
The presence of silencing-associated w23 nt siRNAs was also tested on northern blots after electrophoresis of the same RNA samples on acrylamide-urea gels. ND7 siRNAs were specifically detected as a doublet in the ND7 feeding culture and appeared to remain constant during autogamy ( Figure 5F ). Hybridization with ND7 single-stranded probes showed that the top and bottom bands of the doublet contain sense and antisense siRNAs, respectively. A comparison with 23 nt control RNA oligonucleotides representing sense and antisense ND7 sequences indicated that both siRNA strands are probably 23 nt long, the slower migration of the sense strand being entirely accounted for by its higher purine content (data not shown). Similarly, w23 nt NOWA1 siRNAs were specifically detected in the NOWA1 feeding culture, although their amounts appeared to decrease as autogamy proceeded. The antisense strand also migrated faster than the sense strand (as confirmed with strand-specific probes) but appeared to be present in much lower amounts, as if it were depleted in the process of degrading large amounts of NOWA1/2 mRNAs.
To determine whether expression of NOWA1/2 is required for the development of functional new macronuclei, we took 54 postautogamous cells from each culture after the latest time point and isolated them into normal medium bacterized with Klebsiella. All 54 clones from the ND7 feeding culture were viable and had normal growth rates. In contrast, all 54 clones from the NOWA1 feeding culture died after a few vegetative divisions, as the nonreplicating fragments of the old macronucleus were diluted out by random distribution to daughter cells. Thus, although new macronuclei developing in conditions of Nowa1p/2p depletion have a normal appearance, they appear to be unable to support vegetative growth. In other experiments where NOWA1 silencing was only partial, a fraction of postautogamous clones survived and showed phenotypes similar to those induced by overexpression of pMN53GFP (not shown), suggesting that the latter has a dominantnegative effect. in the ND7 feeding control ( Figure 6A ). In the NOWA1 feeding culture, however, the signal obtained with either transposon probe increased continuously and reached very high levels in the last time point, indicating that elimination was impaired.
Silencing of NOWA1/2 Impairs Elimination of Micronuclear-Specific Sequences
Next, we tested the excision of five known IESs located in surface-antigen genes. As for transposons, a Southern-blot analysis revealed the transient amplification of IES copy numbers during autogamy of the ND7 feeding culture (Figure 6B ). In the NOWA1 feeding culture, three of the five IESs (51G4404, 51G2832, and 51A6649) accumulated to high levels in the last time points, and 51G4404 was more severely affected relative to the maximum transient amplification in the ND7 control. The other two IESs (51B3931 and 51A4578) showed only a transient increase in copy number, similar to the ND7 control; their excision was further confirmed by the detection of extrachromosomal, circular forms of excised IESs on the blots [28] . Interestingly, the three IESs showing elimination defects are known to be maternally controlled IESs, whereas 51A4578 is not; the status of 51B3931 is unknown. In the NOWA1 feeding samples, the relative amounts of IES-containing products were much higher at 45 hr than at 15 hr for the three mcIESs (51A-712, 51A2591, and 51A6649). In contrast, the four non-mcIESs (51A1835, 51A4578, 51A6435, and 51A4404) showed only a transient amplification, indicating effective excision.
Silencing of NOWA1/2 Preferentially Affects Excision of Maternally Controlled IESs
Thus, Nowa1p/2p depletion appears to affect specifically the excision of mcIESs, a conclusion that is further supported by the case of a 29 bp IES located within the 370 bp mcIES 51A6649. This short internal IES is not subject to maternal control because it is always excised in developing macronuclei, even when excision of 51A6649 is epigenetically blocked by the presence of the full-length sequence in the maternal macronucleus [11] . A high-resolution electrophoresis of 
Nowa Proteins Are Involved in the Recognition of a Subset of Eliminated Sequences
We have shown that the silencing of NOWA1/2 during autogamy impairs the elimination of a subset of micronucleus-specific sequences. It is not known whether all germline copies of the two class II transposons examined are affected, but the analysis of a number of individual IESs showed that Nowa1p/2p depletion preferentially affects the excision of mcIESs. The depletion induced by NOWA1 dsRNA feeding was not complete, particularly for Nowa2p, and a fraction of mcIES copies could still be excised; quantitative analyses indicated that this partial depletion affected different mcIESs to different extents. Non-mcIESs were correctly excised, including the 29 bp IES that is located within mcIES 51A6649. Although the possibility remains that nonmcIESs would also be affected in the complete absence of Nowa1p/2p, the effects of partial depletion provide strong support for the existence of distinct IES classes in P. tetraurelia and further indicate that the rearrangement defects observed in our time-course analysis are not due to a general delay of genome rearrangements. It is also likely that Nowa1p/2p depletion permanently impairs the excision of mcIESs, rather than just delaying it until after the last time point analyzed, because at least some mcIESs (51G2832 and 51G4404) were found to be occasionally maintained in the mature macronuclei of vegetatively growing post-autogamous clones surviving the expression of the dominant-negative pMN53GFP fusion (data not shown).
There is currently no evidence that mcIESs and other IESs are excised by distinct endonucleolytic machineries. No significant difference was observed between the two classes in the geometry of the double-strand breaks that can be transiently detected at their boundaries (4-base 5# overhangs centered on the TA dinucleotides, as well as 3-base 5# overhangs that are believed to be processed forms of the former) ( [8]; A. Gratias, S.  Malinsky, and M. Bétermier, personal communication) . The only known difference is that the excision of mcIESs, but not that of other IESs, depends on a transnuclear comparison of the germline genome with the maternal macronuclear genome; transient doublestrand breaks cannot be detected at the boundaries of an mcIES when the homologous sequence is present in the maternal macronucleus, as observed for 51G4404 (G. Lepère, S. Duharcourt, and M. Bétermier, personal communication). Nowa proteins are therefore likely to be involved in the mechanism of trans-nuclear comparison. This conclusion is further supported by the fact that the sensitivities of different mcIESs to Nowa1p/2p depletion quantitatively parallels their sensitivities to homologous maternal sequences, 51G4404 being the most sensitive in both cases [11] .
The recognition of germline transposons may also depend on such a comparison. Indeed, there is indirect evidence that their imprecise elimination is determined by homology-dependent effects, both in Paramecium [12] and in T. thermophila [29] . In the latter, similar effects are also thought to result in the elimination of neo bacterial genes introduced into the micronuclear genome when these are absent from the parental macronucleus [20, 30] .
Properties of Nowa Proteins
The NTD and CTD domains of Nowa proteins have distinct properties. We have shown that the Nowa1p CTD is necessary and sufficient both for the rapid accumulation of newly synthesized protein in the maternal macronucleus, prior to meiosis of the micronuclei, and later for the transfer of the same protein molecules to developing macronuclei, as demonstrated by the use of a photoactivatable GFP fusion. The Nowa2p CTD is 90% identical and 99% similar to that of Nowa1p, and three potential nuclear-localization signals, as well as a highscoring coiled-coil region, are conserved. The Nowa1p and Nowa2p NTDs differ mostly by the lengths of some repeat blocks (see Figure S1) . Overall, the high similarity and identical expression patterns of the two paralogous proteins suggest that they have redundant functions.
Of the two types of short repeats that make up the Nowa1p/2p NTD, the FRG type resembles the arginine/ glycine-rich boxes that mediate RNA binding in a number of proteins. Such motifs are also present in several proteins, such as dFXR and VIG in Drosophila [31] and TbAGO1 in trypanosomes [32, 33] , that have been implicated in RNAi. The GGWG type may also bind RNA because it is similar to the repeats present in an RNA binding domain of the PrP27 prion [34] . Northwestern blots of a GFP fusion containing only the Nowa1p NTD confirmed its predicted ssRNA binding capacity and showed that it can also bind ssDNA, dsRNA, and an RNA/DNA duplex, although the data do not allow us to compare the binding affinities for these different substrates. We did not examine the binding of the Nowa1p NTD to different sequences, but because our assays were performed with an arbitrarily chosen oligonucleotide sequence, it is unlikely that the NTD shows much sequence specificity.
We could not directly identify the nucleic acids bound by Nowa1p in vivo because all attempts to immunoprecipitate the full-length fusion pMN53NGFP with anti-GFP antibodies failed, yielding only proteolysed fragments. Intriguingly, the GFP-positive bands that bound nucleic acids in north-and southwestern assays migrated at about twice the size expected for the pMN5GFP fusion, even after SDS denaturation and reduction of disulfide bridges, whereas a band migrating slightly faster than the expected size did not bind the probes. This suggests that covalent modifications (possibly including dimerization) may regulate nucleic acid binding by the NTD; future studies will clearly be required to better understand its biochemical and binding properties.
Possible Roles of Nowa Proteins in RNA-Mediated, trans-Nuclear Crosstalk
We cannot formally exclude the possibility that Nowa proteins are transcription factors required for the expression of other genes specifically involved in the elimination of mcIESs and transposons. However, the high expression levels and homogeneous distribution of Nowa1p/2p throughout chromatin (indicated by the colocalization of fusion GFP and DAPI signals) do not support a specific action on a few genes and suggest instead that they interact with many (possibly all) genomic sequences. Furthermore, it is difficult to imagine why such transcription factors should be massively transferred from maternal to zygotic macronuclei, even if the putative Nowa1p/2p-regulated genes were expressed from both nuclei, because maternal genes can be expressed in the fragments of the old macronucleus for at least two cell cycles after meiosis [35] . Thus, because there is a perfect overlap between the subset of IESs that are known to be sensitive to homologydependent maternal effects and the subset that is affected by Nowa1p/2p depletion, the massive transfer of these proteins between nuclei is likely to reflect a more direct role in the RNA-mediated, trans-nuclear crosstalk implied by these effects. The properties of Nowa proteins are consistent with a role in non-sequence-specific RNA transport; in what follows, we consider possible mechanisms of action in relation to different models for genome comparison.
In the simplest of these models, maternal macronuclear sequences would produce specialized noncoding transcripts that would be transported to the developing macronucleus, where they would target, on macronuclear-destined sequences, specific epigenetic marks that ensure their maintenance. Initially proposed to account for the maternal inhibition of mcIES excision [11] , this model could also explain the rescue of maternally inherited gene deletions, as well as their induction by the silencing-associated w23 nt siRNAs: These could target deletions indirectly, by destroying the protective maternal transcripts [15] . If Nowa proteins were involved in the transport or action of these protective RNAs, interfering with their function would be expected to result in constitutive excision of mcIESs, but NOWA1/2 silencing instead resulted in constitutive retention.
Thus, if Nowa proteins indeed transport RNAs to the developing macronucleus, these are more likely to include molecules required for the direct recognition of mcIESs. This would fit a different model that was suggested by the likely role of endogenous short RNAs specifically produced by the meiotic micronucleus in T. thermophila [22] . These scan (scn) RNAs appear to be exported to the parental macronucleus, where they are assumed to scan the genome by pairing interactions. The scnRNAs that cannot pair with homologous sequences would then be selectively transported to developing macronuclei to target histone H3 K9 methylation on homologous sequences, resulting in the specific elimination of micronuclear sequences that are absent from the parental macronucleus. A similar mechanism may operate in P. tetraurelia because endogenous short RNAs, distinct from the w23 nt siRNAs, are also produced from the micronuclear genome during meiosis (G. Lepère, M.N., S. Duharcourt, and E.M., unpublished data). This scnRNA/maternal-DNA scanning model could explain the maternal inhibition of mcIES excision and the rescue of maternally inherited gene deletions, but it is more difficult to reconcile with the fact that silencing maternal genes by RNA interference induces the deletion of homologous zygotic genes; the presence of the DNA sequence in the maternal macronucleus should still prevent homologous scnRNAs (or siRNAs, if functionally equivalent) from deleting these genes in developing macronuclei.
All known homology-dependent maternal effects can be explained by combining features from both models. We have proposed that the scnRNAs from the micronucleus be compared with an RNA copy of the maternal genome rather than with DNA itself [15] . In cases of silencing, the degradation of maternal RNAs by the w23 nt siRNAs would mimic the absence of the gene, allowing scnRNAs to target deletions in the developing macronucleus. A similar scnRNA/maternal-RNA scanning model was also considered in T. thermophila [18] . In such a mechanism, the Nowa proteins could be required at any step upstream of the final recognition of mcIESs and transposons by homologous scnRNAs; the recognition of non-mcIESs may not depend on short RNAs or may involve short RNAs that are not selected by the scanning of maternal sequences. Nowa1p-GFP fusions were not detected in micronuclei, and preliminary results indicate that Nowa proteins are not required for the production of scnRNAs during meiosis (M.N. and E.M., unpublished data). As noted above, one possible function may be the transport of selected scnRNAs to developing macronuclei. Another intriguing possibility is suggested by the resemblance of the NTD short repeats to those present in proteins known to have strand-annealing activity [36] [37] [38] : The Nowa proteins could also be required for the intense pairing activity implied by the scanning process in the maternal macronucleus and in developing macronuclei.
Conclusions
This study establishes a mechanistic link between excision of maternally controlled IESs and elimination of multicopy transposons, suggesting that their recognition depends on a common trans-nuclear, RNA-mediated pathway that appears to involve conserved RNAinterference factors. The identification of Nowa proteins as novel components expands our knowledge of this pathway and opens the way for more detailed studies of RNA-transport and -pairing interactions. Although homology-dependent maternal effects on the zygotic genome have so far been firmly established only in ciliates, a recent study of the hothead mutant in Arabidopsis has led to the provocative hypothesis that plants keep an extragenomic memory of ancestral sequences in the form of RNA molecules, which may later be used as templates to convert genomic sequences [39] . It will be interesting to see whether structural or functional homologs of the Nowa proteins are involved in similar, cryptic mechanisms in other eukaryotes.
Experimental Procedures
Paramecium Strains, Cultivation, Conjugation, and Autogamy All experiments were carried out with the entirely homozygous strain 51. Cells were grown in a wheat grass powder (WGP; Pines International, Lawrence, KS) infusion medium bacterized the day before use with Klebsiella pneumoniae, unless otherwise stated, and supplemented with 0.8 mg/l of β-sitosterol (Merck, Darmstadt, Germany). Cultivation and autogamy were carried out at 27°C as previously described [11] .
Constructs and Probes
NOWA1 constructs were obtained by cloning a 3287 bp MfeI-HincII fragment (including nucleotides 10-3284 of accession number AJ876761) into the pCRScriptAmpSK + vector (Stratagene). In the pMN53GFP fusion construct, a homemade EGFP coding sequence optimized for Paramecium codon usage was inserted immediately after the NOWA1 initiating ATG. For pMN53NGFP, the same EGFP sequence was inserted within the asparagine stretch, after engineering restriction sites. pMN5GFP and pMN3GFP were obtained from pMN53NGFP by deleting the NOWA1 CTD and NTD coding sequences, respectively. The GFP and fusion sequences are available upon request. The constructs used in the silencing experiments were obtained by cloning PCR products (a 397 bp fragment between positions 1330 and 1726 of accession number Y07803 for ND7, and an 846 bp fragment between positions 2401 and 3246 of accession number AJ876761 for NOWA1) into the "feeding" plasmid and E. coli strain described in [14] . The same fragments were used for NOWA1 and ND7 probes on Southern and northern blots. The NOWA2-specific probe (a 100 nt oligonucleotide), as well as transposon, IES, rDNA, and mitochondrial-DNA probes are available upon request.
Silencing by dsRNA Feeding
Feeding media were prepared by inoculating precultures of the appropriate feeding strains into WGP Paramecium medium containing ampicillin at 0.1 mg/ml and growing them overnight with shaking at 37°C. On the next day, the culture was diluted 10-fold into the same medium. After 1 hr of incubation at 37°C, IPTG was added at a final concentration of 0.5 mM to induce the synthesis of dsRNA, and the culture was incubated overnight at 37°C. The medium was cooled to 27°C and supplemented with 0.8 mg/l of β-sitosterol just before use. 
Microinjections
